We investigated the spatial parameters that permit temporal phase segmentation. Subjects identified a stimulus quadrant which was modulated 180°out of phase with the rest of the stimulus at temporal frequencies between 2 and 30 Hz. We determined the modulation sensitivity for regular square lattices of Gaussian spots and a stimulus made from solid quadrants with varying separation. Sensitivity declined rapidly when spatial separation of the modulating areas was approximately 0.4°, but was relatively unchanged by further spatial separations. The results suggest that there are two systems that can detect temporal phase differences. The first is a segregation process that operates below 10 Hz, where phase can be consciously followed and compared across large retinal distances. The second system is a segmentation mechanism that operates at higher temporal frequencies but only over a short range.
Introduction
A major task of the human visual system is to distinguish objects from background. Luminance and colour differences across the retina, as well as higher order differences such as texture, are essential to the image segmentation process.
Recent studies suggest that temporal modulation of luminance or colour is sufficient for image segmentation (e.g. Ramachandran & Rogers-Ramachandran, 1991; Fahle, 1993; Leonards, Singer & Fahle, 1996; Leonards & Singer, 1998; Rogers-Ramachandran & Ramachandran, 1998) . This segmentation can be demonstrated using spatially homogeneous elements modulating at a fixed temporal frequency. If all elements modulate in phase there is no segmentation. However, if elements in a subregion counterphase with the surrounding elements, then that subregion appears to be segmented from the rest of the display. At modulation frequencies above 7 Hz observers cannot follow the phase of the flickering elements (Rogers-Ramachandran & Ramachandran, 1998) , so differences between individual target and surrounding elements become indistinguishable. However, observers can still perceive a contour along the border between the counterphasing regions, and the target region is easily identified. The perception of a contour in an otherwise undifferentiated field suggests there are specialised mechanisms in the visual system that are sensitive to temporal phase differences.
Psychophysical investigations have focussed on the temporal aspects of phase segmentation (e.g. Rogers- Ramachandran & Ramachandran, 1998) , with particular emphasis on the limit of temporal phase detection for colour (isoluminant) and luminance modulation. Studies have found that the temporal limit for colour contrast stimuli is less than 10 Hz, whereas the counterphasing luminance stimuli can be detected above 30 Hz. This has led a number of researchers to propose that there are separate chromatic and luminance mechanisms for detecting temporal phase (Leonards & Singer, 1998; Rogers-Ramachandran & Ramachandran, 1998) .
Spatial parameters also appear to mediate temporal segmentation stimuli. Research has failed to show grouping of synchronously modulating elements when they are dispersed among other elements that are modulating in a different phase (Fahle & Koch, 1995; Kiper, Gegenfurtner & Movshon, 1996) . Spatial separation in simple array stimuli can also reduce the response of temporal segmentation mechanisms. Rogers-Ramachandran and Ramachandran (1998) found a temporal limit of 7 Hz for identifying counterphasing regions separated by a 0.75°gap, whereas stimuli without any gap were readily segmented at 15 Hz, but the separation of the modulating regions was not systematically varied. Consequently, the relationship between spatial separation and temporal phase sensitivity is still relatively unclear.
The aim of the present study was to determine how detection of temporal phase differences depends on the spatial aspects of the stimuli. The experiments measured sensitivity to temporal phase differences as a function of variations in spatial parameters. The results suggest that temporal phase detection is mediated by a fast but short-range segmentation mechanism and a slow segregation process that is less sensitive than the segmentation mechanism, but relatively unaffected by the separation of the modulating regions.
General methods
Stimuli were generated on a Cambridge Research Systems VSG 2/4 framestore and displayed on a linearized Hitachi HM 4821 monitor at a frame rate of 180 Hz. The monitor was surrounded by a 100× 75 cm high piece of white card illuminated to match the average luminance of the stimuli used during the experiments.
A lattice of two dimensional Gaussian spots was displayed on a static grey surround of luminance 58 cd m − 2
. At a viewing distance of 114 cm the lattice subtended 10.5×10.5°. The lattice elements were divided into four quadrants, with a randomly selected quadrant designated the 'target' quadrant.
The luminance of the spots was modulated sinusoidally in time within a Gaussian temporal envelope in the range 2-30 Hz. The Gaussian envelope had a time constant of 200 ms giving the stimulus a gradual onset and offset. The phase of the sinusoidal component was randomised for each trial. The luminance of a spot centred at x 0 , y 0 is given by
where L (x,y,t) is the luminance at position (x,y) at time t, L o is the luminance of the surround, c is the Michelson contrast, | s is the space constant of the spot, t 0 is the time of the peak of the Gaussian envelope, | t is the time constant of the Gaussian envelope, f is the temporal frequency of the sinusoidal modulation, and is a random phase shift of the sinusoidal component relative to the peak of the Gaussian envelope. In all experiments the modulation was truncated outside 9 500 ms. Each trial commenced with a uniform 0.25°fixation spot in the centre of the screen with a 500 ms duration, followed immediately afterwards by the stimulus. Subjects were required to maintain their fixation during the presentation of the stimulus. On each trial the randomly selected target quadrant was modulated 180°out of phase with the other quadrants.
The task of observers was to identify the target quadrant and indicate their response by pressing a corresponding key on the computer keyboard. The contrast for each temporal frequency was adjusted using a modification of the QUEST adaptive staircase procedure (Watson & Pelli, 1990; King-Smith, Grigsby, Vingrys, Benes & Supowit, 1994 ) over 30 trials. The stimuli were presented in blocks of trials, where a single block consisted of a random ordering of the temporal frequencies tested. Contrast threshold was calculated as the 72% correct point of a Weibull psychometric function (Weibull, 1951) fitted to the data.
Observers were one of the authors (JF) and several colleagues. All had normal or corrected to normal vision. None of the observers except the author was aware of the aims of the experiment.
Experiment 1: sensitivity to spot size variation in Gaussian element lattices
The aim of this experiment was to see how sensitivity changes when the spatial parameter of the Gaussian elements is varied.
Method
The experiment used four different stimulus lattices. Lattices were of a fixed size but increasing spot separation, containing 32× 32, 16× 16, 8×8, and 4× 4 regularly spaced spots. The Gaussian space constant of the spots scaled with separation, resulting in peak to peak horizontal and vertical spot spacings 0.33, 0.66, 1.31 and 2.62°with corresponding space constants of 0.05, 0.11, 0.22 and 0.44°. Fig. 1 shows freeze-frame images of the four stimuli types.
Results
The results in Fig. 2 show that for stimuli made up of regularly spaced Gaussian spots, observers can detect phase difference at temporal frequencies up to at least 30 Hz (the highest temporal frequency tested in the study). Both observers show greatest sensitivity to the 32×32 stimulus, with the curve for JF showing that Both observers show lowest sensitivity for the 4× 4 stimulus, with sensitivity curves that are clearly low pass in shape with a temporal limit of about 10 Hz. Temporal phase sensitivity consistently declines with increased temporal frequency. Furthermore, the sensitivity for the 4× 4 stimulus is rapidly declining at temporal frequencies where sensitivity for the 32×32 stimulus is at a peak.
The curves from the first experiment show that sensitivity to temporal phase differences is dependent on the spatial parameters of the stimulus. As the size and spatial separation of the spots increases and their number decreases, sensitivity reduces at all temporal frequencies. Importantly, the shape of the sensitivity curves changes from having a peak between 3 and 10 Hz with a temporal limit above 30 Hz, to a low pass curve with a temporal limit of 10 Hz. The pattern of sensitivity change for the curves shows that there are individual differences in the relationship between temporal sensitivity and the spatial parameters of different stimulus types. For JF, the 8× 8 curve is closer to the sensitivity curves for the 16× 16 and 32× 32 stimuli. However, for TH the sensitivity curve for the 8× 8 stimulus is most like that of the 4×4 stimulus. For JF, the greatest difference in the shape of the sensitivity curves is between the 8× 8 and 4× 4 stimuli, whereas for TH the largest fall in sensitivity corresponds to the change from the 16×16 stimulus to the 8× 8 stimulus.
The appearance of the stimuli was related strongly to the changes in sensitivity. At high temporal frequencies, where sensitivity is low, no difference was apparent between the spots in different quadrants. However, the target quadrant in the 32× 32 and 16× 16 stimuli was readily detected by the appearance of an illusory contour at the quadrant border. Furthermore, the target quadrant also appeared to be displaced away from the phase sensitivity is highest for temporal frequencies between 4 and 8 Hz. The corresponding curve for TH shows a peak in sensitivity between 3 and 6 Hz. The curves for both observers using the 32 × 32 stimulus show a rapid decline in sensitivity above 10 Hz.
The shape of the sensitivity curve for the 16 ×16 stimulus is similar to that of the 32× 32 stimulus, although both observers are marginally less sensitive to the 16 × 16 stimulus than the 32 ×32 stimulus at most temporal frequencies. The curves for the two stimuli show similar ranges for the peak in sensitivity and both fall rapidly after about 10 Hz. other quadrants. The strength of both these phenomena was reduced for the 8 ×8 stimulus. An illusory contour was never apparent for the 4 ×4 stimulus. The target quadrant in the 4×4 stimulus seemed to be discriminated from the other quadrants on the basis of a simultaneous brightness difference between the target and surrounding quadrants. Furthermore, no spatial displacement of the target quadrants was seen.
Discussion
The results show that observers are able to identify a target defined only by temporal phase. Furthermore, the target was detectable at 30 Hz, where observers reported being unable to follow consciously the phase of the flickering elements. This result is consistent with previous research using similar stimuli (Ramachandran & Rogers-Ramachandran, 1991; Ramachandran, 1992; Rogers-Ramachandran & Ramachandran, 1998) and clearly shows that the visual system has mechanisms that can detect temporal phase differences.
Sensitivity reduced as spot size increased. However, several spatial parameters varied across the stimuli so the decreased sensitivity could be attributed to a number of factors. Firstly, modulation amplitude decreased at the border of the quadrants as the separation of the spots increased (even though the space constant of the spot size scaled with spot separation). Secondly, as spot size increased the spatial frequency components of the elements shifted into a lower frequency range. Finally, the number of spots making up the stimuli was reduced as spot size increased in order.
Experiment 2: sensitivity to modulation separation in Gaussian element lattices
The previous experiment showed that sensitivity to temporal phase depended on the spatial parameters of the elements used to construct the stimulus lattice. However, several spatial parameters were varied. The aim of this experiment was to vary the inter-quadrant gap size while holding other spatial factors relatively constant.
Method
Stimulus gap size was manipulated by removing successive rows of spots nearest the quadrant borders from the 32 × 32 spot stimulus used in the previous experiment. Four stimuli were used. The first was exactly the same as the 32× 32 stimulus used in the previous experiment. The remaining three stimuli were constructed by removing one, two, and three rows of spots next to the inner quadrant borders of the 32× 32 stimulus, resulting in stimuli containing 1024, 900, 784 and 676 elements, respectively. Fig. 3 shows freezeframe images of the four stimuli. The psychophysical procedures were the same as those used in experiment 1. One observer (JF) had participated in experiment 1.
Results
The results in Fig. 4 show that sensitivity drops suddenly as rows are removed from inner quadrant borders of the 32× 32 stimulus. For the unaltered 32× 32 stimulus, the sensitivity curve replicates the results in the first experiment. When a single row is removed from the inner border of each quadrant, sensitivity is much lower at all temporal frequencies. The temporal sensitivity curves also change shape in a similar manner to the pattern in the first experiment. The curve for the 32× 32 stimulus has a peak sensitivity at about 8 Hz and a temporal limit beyond 30 Hz. For all stimuli with rows of spots removed from the quadrant borders the curves are clearly low pass with a temporal limit at about 10 Hz. In other words, increasing gap size has the same effect as increasing the spot size in the previous experiment. However, what is apparent in the curves for the current experiment, and not evident from the previous results, is that increasing the gap beyond a certain size only results in minimal changes in the sensitivity curves for either observer.
Changes in the sensitivity to each stimulus type are mirrored by changes in the appearance of the stimuli. An illusory contour forms along the target quadrant border for the stimulus without any rows of spots removed from the quadrant border. However, when rows of spots are removed no contour is evident. In this case, task performance seems to be dependent on the ability of observers to resolve differences between the brightness of the elements in each quadrant.
Discussion
The results provide clear evidence that modulation energy close to the quadrant border is necessary for temporal phase segmentation at high temporal frequencies. Temporal sensitivity is limited to about 10 Hz if the quadrant separation exceeds some value (below 0.9°f rom this experiment). Most importantly, the data show that temporal sensitivity does not greatly reduce when the gap size increases beyond the threshold value. This pattern is consistent with the presence of two mechanisms that mediate sensitivity in our experiments. The first is a spatially dependent mechanism that can detect phase differences at high temporal frequencies and does not follow the phase of the modulation. The second is a discrimination process that is spatially insensitive (over the range tested here) but limited by the ability of the visual system to follow the phase of the modulating areas. For simplicity, the former will be referred to as the segmentation mechanism, and the latter will be termed the segregation process.
Differences between the results for the first two experiments suggest the segmentation mechanism sums energy within its receptive field. In the first experiment, the space constant of the Gaussian elements scaled with spot separation. Therefore, all stimuli in the first experiment resulted in some modulation next to the quadrant border regardless of spot size, even though the amount of modulation at a given distance from the border decreased as spot size increased. With sufficient contrast, the residual modulation might be expected to exceed the threshold level of a localised detection mechanism that sums the modulation. However, the Gaussian spots in the current experiment were removed completely, leaving no residual modulation next to the border. If the gap between the modulating elements were to exceed the size of the receptive field of the segmentation mechanism, then response of the localised receptive field would fall to zero regardless of the amount of contrast. The pattern of results in the first two experiments follows this behaviour.
Experiment 3: sensitivity to lattice width in Gaussian element lattices
The previous experiment showed that the modulation energy next to the quadrant border is necessary for the detection of temporal phase differences at high temporal frequencies. This experiment aimed to determine whether the temporal detection mechanism also requires modulation energy that is not adjacent to the border.
Method
Stimuli were constructed from the 32× 32 spot stimulus used in the first experiment by removing spots from the quadrants so that only a number of rows of spots next to the quadrant borders were retained. The four stimuli retained one, two, three or four rows of spots next to the quadrant border, resulting in lattices of 63, 124, 183 and 240 elements respectively. Fig. 5 shows freeze-frame images of the four stimuli types. One observer (TH) had participated in the first experiment but neither observer had taken part in the second experiment. The psychophysical procedures were the same as those used in the first two experiments. 
Results
The results for experiment 3 are shown in Fig. 6 . The sensitivity curves are quite similar for stimuli whose quadrants are constructed of at least two rows of spots next to the border. These curves show that task performance is largely independent of temporal modulation far away from the quadrant border. The sensitivity curves have a peak sensitivity between 5 and 10 Hz and a temporal limit of at least 30 Hz. For SH, temporal sensitivity curves show a slight decrease in sensitivity across temporal frequencies as the number of spot rows at the border of each quadrant reduces, though this pattern is less evident for TH.
Sensitivity reduces markedly when quadrants are reduced to a single row of spots next to the border. For SH, sensitivity is reduced at all temporal frequencies, whereas for TH the reduction in sensitivity is evident only for frequencies above 4 Hz. For both observers the temporal limit for the stimulus with a single row of spots at the quadrant border is about 10 Hz.
As with the first two experiments, the appearance of the stimuli seems to correspond quite well to changes in the temporal sensitivity curves. An illusory contour was evident when there was more than one row of spots at the quadrant border. If a contour is seen, the target quadrant appears to separate slightly from the background quadrants (as in the first two experiments). For the stimulus with a single row of spots at the quadrant border the sense of contour is greatly diminished and identification of the target quadrant seems to be based on the ability to follow the brightness differences in the spots.
Discussion
The results show that temporal detection mechanisms do not require modulation at large distances from the quadrant border. When the quadrants included modulating elements more than 0.9°from the quadrant inner borders, temporal sensitivity was not affected. The data from this experiment and the results from the previous experiment show that the segmentation mechanism only requires the modulation contrast next to the quadrant border.
Experiment 4: sensitivity to inter-quadrant gap width in solid quadrant stimuli
The aim of this experiment was to obtain a more precise measure of the spatial limit of the temporal detection mechanism. The spot stimuli used in the first three experiments are not ideal for determining the maximum quadrant gap because of the non-linear relationship between gap width and level of modulation. Therefore, this experiment used solid square quadrants to determine the temporal sensitivity as a function of quadrant separation. Solid quadrants provide good control over the separation of modulating areas and they maximise the number of receptive fields that will respond along the quadrant border.
Method
The stimulus was constructed by dividing the 10.5 × 10.5°stimulus area into four solid quadrants. The separation between the quadrants was achieved using a non-modulating strip set to the spatiotemporal average luminance as the rest of the screen. Gap widths of 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0°were used. Fig. 7 shows a freeze-frame representation of the stimulus used. Both observers had participated in previous experiments. The psychophysical procedures were the same as those used in previous experiments. Fig. 8 shows the sensitivity curves for solid quadrant stimuli varying in gap size. The absolute sensitivity of the curves reduces dramatically at a gap size of about 0.4°for all temporal frequencies. Sensitivity is relatively unaffected by increases in gap width beyond 0.4°. For both observers, the absolute sensitivity is much higher for solid quadrants than stimuli using the spot lattices. However, the pattern of the results is consistent with that found in the second experiment that used Gaussian lattices. Thus, the results of this experiment provide additional support for the existence of two separate mechanisms.
Results
The shapes of the curves are also very different for stimuli with gap sizes less than 0.4°and those stimuli with gap sizes greater than 0.4°. For small gaps the curves have a bandpass shape with a peak sensitivity between 5 and 10 Hz and a temporal limit beyond 30 Hz. The sensitivity curves for gaps greater than 0.4°are low pass with a temporal limit of about 10 Hz. The change in the shape of the sensitivity functions is much more evident for the solid quadrant stimuli than the lattice stimuli used in the first three experiments. However, the result is consistent with the patterns in the previous experiments.
The appearance of the stimuli changes in a manner that reflects the differences in the sensitivity curves for different gap sizes. The border of the solid quadrant stimuli takes on a similar appearance to the border effects seen in stimuli using lattices. When the gap size is below 0.4°and the temporal frequency is high, the gap between the target and background seems to modulate like the illusory contour seen in the lattice experiments. However, when the gap size is above 0.4°there is no apparent modulation in the gap next to the target quadrant. As with the previous experiments, task performance for large gap stimuli seems to be related to the ability to follow the quadrant modulation and discriminate instantaneous differences between the target and background.
Discussion
The results show that temporal phase sensitivity decreases suddenly when modulating areas are separated by about 0.4°. The pattern of sensitivity for the solid quadrants matches the results for the experiments using Gaussian spot lattices. The overall sensitivity is higher for the solid quadrants but this would be expected for a detection mechanism that sums modulation energy Fig. 6 . Modulation sensitivity for detecting temporal phase differences in stimuli with varying numbers of rows of spots defining each quadrant next to the inner quadrant border. within its receptive field, given that solid quadrants have a greater amount of modulation.
The pattern of sensitivity change with increasing gap size provides additional support for the proposition that task performance in all the experiments is mediated by two mechanisms. If detection of the target quadrant was mediated by a single mechanism then we would expect to see a consistent decline in sensitivity with quadrant separation. However, once a threshold separation has been reached, temporal sensitivity in our experiments declines precipitously before continuing to decline gradually. This pattern is consistent with a short-range segmentation mechanism failing beyond small separations, leaving task performance to be mediated by a less sensitive segregation process that can integrate modulation over a larger region of the retina.
General discussion

One mechanism or two?
Sensitivity to temporal phase differences was highly dependent on the spatial separation of modulating regions. Differences in the temporal sensitivity curves for stimuli with gap separations above and below 0.4°p rovide evidence for two mechanisms that detect temporal phase differences. The most evident difference is seen in the absolute sensitivity for small and large gap stimuli. Temporal sensitivity is high for small gaps but drops precipitously at about 0.4°. Sensitivity to the stimuli used in the experiments does not change dramatically as gap size increases beyond 0.4°. In other words, as modulation separation increases there is a spatially dependent fall in sensitivity followed by a relatively constant level of sensitivity. This pattern is hard to explain by a single mechanism. A more parsimonious explanation of the data would be the existence of a fast spatially constrained segmentation mechanism and a slow segregation process that is relatively insensitive to spatial separation. From this point of view, temporal sensitivity is determined by the segmentation mechanism until the spatial separation of modulating regions exceeds 0.4°. At inter-quadrant separations greater than 0.4°the segregation process is the only mechanism capable of mediating sensitivity.
The shapes of the temporal sensitivity curves for gaps above and below 0.4°are different and consistent with the existence of two mechanisms with functionally different temporal characteristics. When the gap size is less than 0.4°, the temporal sensitivity curves have a bandpass shape. This indicates that the segmentation mechanism that determines threshold at small gap sizes is most efficient at detecting modulating contrast. On the other hand, when gap size is greater than 0.4°, the temporal sensitivity curves have a lowpass shape. This means that the segregation process that determines threshold at large gap sizes is most efficient at detecting static differences, and is progressively more inefficient as temporal frequency increases.
The appearances of stimuli with gaps greater than and less than 0.4°differ in a manner that is also consistent with two temporal mechanisms. For stimuli with a gap less than 0.4°, observers perceived a contour at the counterphasing edge. This observation is consistent with previous research by Ramachandran and Rogers-Ramachandran (1991) . The perception of the contour was not based on any conscious difference between the modulating regions on each side of the border. However, for stimuli with a gap size greater than 0.4°, none of the observers reported seeing any contour. Instead, the observers reported that identification of the counterphased target in large gap stimuli depended on their ability to compare simultaneous brightness differences between modulating regions. This suggests that the segregation mechanism may be associated with higher level attentional processes.
Earlier indications of two mechanisms
Previous studies have also suggested that there may exist two separate mechanisms for detecting counterphasing edges. Based on differences in the temporal sensitivity for colour and luminance, Ramachandran and Rogers-Ramachandran (1991) and Rogers-Ramachandran and Ramachandran (1998) proposed that there is a fast luminance mechanism that is mediated by the M pathway, and a slow colour sensitive mechanism that is mediated by the P pathway. Leonards and Singer (1998) have made a similar suggestion.
The parallels between the studies of Ramachandran and Rogers-Ramachandran and the current research suggest the fast luminance mechanism and slow colour mechanism from previous research correspond to the fast segmentation mechanism and slow segregation process proposed here. The temporal limit for the fast and slow mechanisms are similar to those found by Ramachandran and Rogers- Ramachandran (1991) and Rogers- Ramachandran and Ramachandran (1998) . Furthermore, the appearance of the stimuli in the present study matches the observations of Ramachandran and Rogers- Ramachandran (1991) and RogersRamachandran and Ramachandran (1998) .
However, the results of the present study are inconsistent with an M and P explanation of the two mechanisms. They show that the fast segmentation mechanism uses only local modulation and therefore cannot be mediated by low spatial frequencies. Sensitivity at high temporal frequencies must therefore be mediated by higher spatial frequency mechanisms. Physiological research suggests that the temporal sensitivity for M and P neurons is similar at higher spatial frequencies (see Merigan & Maunsell, 1993) . This would argue against a physiological correlate of the two mechanisms in the M and P pathway.
The results are also inconsistent with a segmentation process that encodes temporal phase over large distances (e.g. Leonards et al., 1996) , as they suggest that segmentation at high temporal frequencies is only possible across relatively short retinal distances. This means that the visual system cannot determine the phase of modulation for large modulation separations. If the phase code were to be used at higher levels of processing it is unclear how the visual system would know whether to group or distinguish objects that have a modest separation.
What is the segmentation mechanism?
From the present results, it appears that the segregation process can resolve luminance differences over a relatively large spatial extent. The data suggest that the mechanism underlying the segregation process is ideally suited for processing static stimuli. Furthermore, observers report that task performance relies on the simultaneous perception of brightness differences between quadrants in the stimuli, suggesting that the underlying mechanism of the segregation process occurs at higher levels of visual processing.
The segmentation mechanism is only sensitive to local luminance differences, implying that the underly- ing mechanism occurs at earlier stages of visual processing. The shape of the sensitivity curves for the small gap sizes suggest that the segmentation mechanism is specialised for detecting modulating luminance differences. How early might this mechanism be? If the spatial limitation of the segmentation mechanism is used as a measure of the extent of the receptive field, it would suggest that the segmentation mechanism occurs in V1. If one assumes that the receptive field size increases with eccentricity, then the threshold gap size should reflect the receptive field size nearest the outer edges of the stimuli used in the current study. This corresponds approximately to an eccentricity of about 5°. The gap size of 0.4°is consistent with the receptive field size of neurons in V1 (see Dow, Snyder, Vautin & Bauer, 1981) .
What kind of receptive fields might underlie temporal segmentation? The data for the segmentation mechanism are consistent with the properties of early spatiotemporal mechanisms. In particular a linear spatiotemporal separable receptive field such as those found in cat (DeAngelis, Ohzawa & Freeman, 1993 Ohzawa, DeAngelis & Freeman, 1996) would respond maximally to a contrast reversing edge of the type used in our stimuli. These receptive fields are used as the first stages of several motion models (see Adelson & Bergen, 1985) . Thus temporal segmentation may be mediated by early mechanisms that are used in motion processing (an idea first suggested by Fahle, 1993) . The V1 explanation is also consistent with brain imaging studies showing that motion shear contours predominantly activate area V1 (Reppas, Niyogi, Dale, Sereno & Tootell, 1997) .
In conclusion the results suggest temporal phase differences can be detected by two distinct mechanisms. One is a fast short-range segmentation mechanism probably operating early in visual processing. The other is a slower long-range segregation process that relies on higher levels of visual processing.
